The quantum gravity effects of vacuum polarization of gravitons propagating in a curved spacetime cause the quantum vacuum to act as a dispersive medium with a refractive index. Due to this dispersive medium gravitons acquire superluminal velocities. The dispersive medium is produced by higher derivative curvature contributions to the effective gravitational action. It is shown that in a FriedmannLemaître-Robertson-Walker spacetime in the early universe near the Planck time tPL 10 −43 sec, the speed of gravitational waves cg ≫ cg0 = c0, where cg0 and c0 are the speeds of gravitational waves and light today. The large speed of gravitational waves stretches their wavelengths to super-horizon sizes, allowing them to be observed in B-polarization experiments.
Introduction
A variable speed of light cosmology has been developed [1, 2, 3] which solves the initial value problems in early universe cosmology: the horizon problem and the flatness problem. The premise is that fractions of seconds after the big bang the speed of light c ≫ c 0 , where c 0 is the measured speed of light today. When in the same epoch the speed of gravitational waves c g ≫ c g0 where c g0 is the speed of gravitational waves today and c g0 = c 0 , then the wavelengths of sub-horizon tiny quantum perturbative fluctuations δφ and primordial gravitational waves are stretched super-horizon to sizes that allow their detection in the radiation emitted from the CMB. A calculation of the curvature power spectra for δφ and the primordial gravitational waves yields the spectral indices (tilts), n s = 0.96 in good agreement with the Planck Mission result n s = 0.9603 ± 0.0073 [4, 5, 6] and n t = −0.04. Adopting the BICEP2 B-polarization result r = 0.2 (for zero or small foreground dust contamination) [7] , then r/n t = −5 which is close to the single-field inflation self-consistency condition r/n t = −8. Homogeneous Lorentz invariance is spontaneously violated in the phase when c ≫ c 0 and c g ≫ c g0 , so that SO(3, 1) → O(3). A preferred proper comoving time t is chosen in the Lorentz symmetry violating phase corresponding to the comoving time in a FriedmannLemaître-Robertson-Walker (FLRW) spacetime with the symmetry O(3) × R.
A fundamental explanation for the origin of the large speed of light in the early universe is provided by the Drummond-Hathrell calculation of the speed of light propagation in the dispersive medium with a refractive index, caused by the quantum electrodynamic (QED) vacuum polarization in a curved spacetime [8, 9, 10] . A non-minimal coupling of the electromagnetic field to the curvature tensor produces quantum corrections and the photon acquires a size and an effective mass from the tidal gravitational forces on the photon. In the following, we will derive a similar result that explains the superluminal speed of gravitational waves in the very early universe, caused by a non-minimal coupling of the graviton to higher derivative curvature and the resulting tidal forces on the graviton. In the early universe near the Planck energy, the gravitational fine structure constant α g = Gm 2 / c 0 ∼ 1, allowing for sufficiently large quantum gravity (QG) vacuum polarization comparable to the photon vacuum polarization obtained from the QED fine structure coupling strength α = e 2 / c 0 . This vacuum polarization induces a dispersive medium with a refractive index that causes the speed of gravitational waves to be large in the early universe near the Planck energy. The wavelengths of primordial gravitational waves, λ g = c g /ν g , where ν g is the frequency of the waves, are stretched super-horizon allowing the primordial waves to be detected by B-polarization experiments.
Graviton propagation
We will consider graviton propagation in a curved spacetime determined by the effective action:
where κ = 16πG/c 4 0 is constant throughout the evolution of the universe, γ 1 , γ 2 and γ 3 are dimensionless coefficients and λ c = /mc 0 is the Compton wavelength for a mass m. We will ignore possible contributions from higher derivative curvature terms.
For the case of the action with γ 1 = γ 2 = γ 3 = 0, we have the vacuum equation of motion:
By expanding the metric g µν = η µν + h µν , where η µν is the Minkowski spacetime metric, the vacuum field equations to lowest order in the weak field approximation are given by
provided we impose the harmonic coordinate condition [11] :
We will determine the characteristics of graviton propagation using a geometric optics approximation. In the leading order, the perturbative metric h µν is written as a slowly varying amplitude and a rapidly varying phase:
where a µν is a polarization tensor and the graviton wave vector is defined by k µ = ∂ µ θ, where in the QG interpretation in terms of gravitons, k µ is identified as the graviton momentum. Coordinate derivatives act only on the phase θ.
In terms of the graviton momentum k µ the equations (3) and (4) become
and
From (6) we have k 2 = k µ k µ = 0 and k µ is a null vector. It follows from the definition of k µ as a gradient
Graviton trajectories are defined as the curves of the wave vector k µ for which k µ = dx µ /ds where s is the proper time along the trajectory. Substituting into (8), we get the null geodesic equation for the graviton:
These properties of gravitons are no longer true when we consider the equations of motion obtained from the non-minimal effective gravitational action (1) including QG corrections. The equations of motion now become
where P µν , L µν and K µν are the contributions from the non-minimal coupling to R 2 , R 2 µν and R 2 µνρσ , respectively. In the momentum phase space geometric optics approximation and for weak gravitational radiation this becomes
We choose the polarization tensor a µν to be spacelike normalized, a µν a µν = −1. Contracting (11) with a µν we find
where P = a µν P µν , L = a µν L µν and K = a µν K µν . This equation contains position dependent curvature terms, which means that it does not reduce to the special relativistic equations at the origin of inertial frames of reference, for different inertial frames differ at different points of spacetime. The equation violates the Strong Equivalence Principle, which states that all inertial frames are equivalent. This coincides with our spontaneous symmetry breaking of Lorentz invariance invoked in our VSL model [1] . The violation of causality and the generation of closed time-like curves depends on the two conditions being met: (1) spacelike photon and graviton curves and, (2) Lorentz invariance. When the Strong Equivalence Principle and Lorentz invariance are violated, then causality may still be retained.
Because the modification of the light cone by (12) is homogeneous in k µ , we can express the equation in a new metric:
whereg µν takes into account the curvature of spacetime and the polarization of the graviton. We can define a new momentum 4-vector:
and we have the equation:ĝ
whereĝ µν = (g µν ) −1 defines a new metric and we raise and lower indices for q µ with g µν . We can describe the propagation of photons and gravitons in a quantized vacuum as a bimetric theory in which the physical light cones are determined by the effective metricg µν , while the geometric null cones are fixed by the spacetime metric g µν .
Propagation of gravitons in cosmology
We will work in our application to cosmology in a frame in which the metric is of the FLRW form:
with K = 0, +1, −1 for flat, closed and open models. The metric has the group symmetry O(3) × R with a preferred proper comoving time t. The energy-momentum tensor T µν will be described by a perfect fluid:
where u µ = dx µ /dτ is the fluid element four-velocity, dτ = ds/c 0 , P = p/c 2 0 and ρ and p are the matter density and pressure, respectively. The four-velocity u µ has the comoving frame values u 0 = 1 and u i = 0 (i = 1, 2, 3). The FLRW spacetime is Weyl curvature flat, homogeneous and isotropic, so the light cone equation (12) takes the form:
where
and the coefficients d, e, f are to be determined by the QG calculation of vacuum polarization loops. The vacuum polarization at one-loop order corresponds to the Feynman graph connecting a graviton to another graviton through a fermion-anti-fermion loop with the coupling strength α g = Gm 2 / c 0 . In the early universe in the radiation dominated era a ∝ t 1/2 , ρ ∝ 1/t 2 and with
where t g * = ζ g /c 0 . This can be rewritten as
This is equivalent to the Drummond-Hathrell result for photon propagation in the early universe [8, 9, 10, 1]:
λ e , and where α = e 2 / c 0 and λ e = /m e c 0 are the QED fine structure constant and the Compton wavelength of the electron, respectively. We have c ≫ c 0 for t 11/2t * = 2 × 10 −23 sec after the big bang, corresponding to an energy ∼ 2 × 10 5 TeV. We expect that c g ≫ c g0 will occur for t t g * much earlier in the universe than the large increase in the speed of light c, namely, near the the Planck energy mc (1) and it becomes comparable to the fine structure constant α ∼ 1/137, so that the QG vacuum polarization calculation will produce a dispersive medium with a refractive index n grefrac that allows for c g ≫ c g0 = c 0 . Once the primordial gravitational waves have been stretched super-horizon, λ g = c g /ν g , and "frozen" in as classical gravitational waves, they will be observable inside the horizon as the universe expands as B-polarized radiation emitted from the CMB.
Conclusions
From the non-minimal coupling of the graviton to tidal gravitational forces, QG vacuum polarization effects induce a dispersive medium with a refractive index for the propagation of gravitons. The phenomenon of gravitational birefringence occurs and in a cosmological background gravitons acquire a superluminal propagation. The Strong Equivalence Principle is violated and this concides with the spontaneous violation of Lorentz invariance. The superluminal propagation of photons and gravitons occurs for a very short time period after the big bang. For photons it occurs at a time t 10 −23 sec after the big bang at an energy ∼ 10
5
TeV, while for gravitons it occurs near the Planck energy at the time t P L ∼ 10 −43 sec. The calculation of QG vacuum polarization should give comparable effects to the QED vacuum polarization, inducing the refractive medium near the Planck energy ∼ 10
19 GeV, where the gravitational fine structure constant α g ∼ O(1). The stretching of the sub-horizon gravitational wave lengths occurs because λ g = c g /ν g when c g ≫ c g0 = c 0 . Then, λ gf = Qλ g0 where λ gf and λ g0 denote the final and initial gravitational wavelengths and Q ≥ 10 30 . The wavelengths of tiny quantum perturbative density fluctuations δφ and primordial gravitational waves are stretched to super-horizon scale. The classical, scale invariant gravitational waves are frozen in and can be observed by B-polarization radiation emitted from the CMB. This allows for a scenario that can be compared with the stretching of tiny quantum fluctuations δφ and primordial gravitational waves in inflation models for which λ gf ∝ a(t) ∝ exp(Ht).
The superluminal speeds of photons and gravitons induced by quantum vacuum polarization of curved spacetime, removes the ad hoc assumption that superluminal speeds of light and gravitational waves occur in the early universe in VSL cosmology. If the B-polarization experiments do detect primordial gravitational waves this opens a new important window into the beginnings of the universe and it can reveal a possible experimental verification of quantum gravity. The superluminal propagation of gravitons and the QG vacuum polarization induced dispersive medium predicted to occur in the early universe can provide an important signal for quantum gravity.
